Phosphoenolpyruvate (PEP) carboxylase activity in immature 'Carignane' grape berries (Vitis vinifera L.) had a temperature optimum of about 38 C, whereas malic enzyme activity rose with increasing temperature between 10 and 46 C. In vitro temperature inactivation rates for the PEP carboxylase were markedly greater than for the malic enzyme activity. From the simultaneous action of malic acidproducing enzymes (PEP carboxylase and malic dehydrogenase) and malic acid-degradating enzyme (malic enzyme) systems at different temperatures, the greatest tendency for malic acid accumulation in immature grape berries was at 20 to 25 C. Time-course measurements of enzymic activity from heated, intact berries revealed greater in vivo temperature stability for the malic enzyme activity than for the PEP carboxylase activity.
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Tartaric and malic acids generally account for 69 to 92% of all organic acids in grape berries and leaves (5) . Malic acid levels vary greatly as the berries develop and mature, whereas tartaric acid levels vary considerably less (4) . Kliewer (6) (7) (8) , using temperature-controlled growth rooms, confirmed the field observation that cool regions typically produce grapes with higher concentrations of organic acids and, conversely, that warm regions produce grapes with lower acidity. The negative temperature correlation has been demonstrated for malic acid, and its optimum temperature for accumulation was estimated to be about 20 C (6) (7) (8) .
The enzymic pathways of malic acid synthesis and degradation in immature grape berries have not been determined. Most of the work on malic acid synthesis indicates that f-carboxylation of pyruvate or of phosphoenolpyruvate is the most important pathway (3, (12) (13) (14) . Meynhardt (13) grape berries were found by Kriedemann (10) to be highest during the period of rapid malic acid accumulation. The degradation of malic acid in grape berries is not as well understood as is its synthesis. An NADP-dependent malic enzyme, considered to be an important malic acid degradative enzyme in other plants (15) , has been reported in grapes (3, 13) . Other pathways, such as diffusion of malic acid into the mitochondria and its subsequent degradation through the action of malic dehydrogenase or PEP carboxykinase enzymes, may also be important.
The purpose of the present investigation was to examine how temperature may affect the balance between malic acid synthesis and degradation through the relative activities of PEP carboxylase and malic enzyme in immature grape berries.
MATERIAIS AND METHODS
Plant Material. The grape berries (Vitis vinifera L. cv. 'Carignane') used for enzyme extraction were excised from greenhousegrown vines. Vines were pruned to two or three shoots, depending on vigor, and one cluster per shoot. No differences in enzymic properties were found for berries harvested from 2 to 6 weeks after anthesis; therefore, 2-to 3-week-old berries were chosen for extraction because of the higher levels of enzymes present at the earlier ages (3) .
Enzyme Extractions. The extraction procedure was modified from that of Meynhardt (13) . Berries were cut from the pedicels, weighed, frozen in dry ice, and ground to a frozen powder in a mortar with 100 mg of polyethylene glycol 4000/g fresh weight of tissue. The frozen powder was transferred to an ice-chilled mortar and homogenized with a pestle in 10 ml of cold extraction buffer/g fresh weight. The buffer consisted of 0.5 M tris-Cl, pH 8.4; 0.2 M KCI; 20 mi cysteine-HCl; and 3 mm EDTA. The homogenate was centrifuged at 4 C and 18,500g for 20 min. It was then filtered through four layers of cheesecloth, and 3.9 g of polyethylene glycol 4000 were added per 10 ml of extract. The mixture was stirred for 0.5 hr in an ice bath, then centrifuged at 4 C and 18,500g for 20 min. The supernatant fraction was discarded, .and the pellet was resuspended in 1 ml of 0.1 M tris-Cl, pH 7.8/g fresh tissue weight, using a glass homogenizer chilled in ice. After 0.5 hr, the suspension was centrifuged at 4 C and 18,500g for 20 min. The resultant supernatant liquid, hereafter referred to as the enzyme extract, was decanted and used in all enzyme assays. In Vitro Temperature Inactivation. The procedure described for the in vivo temperature treatment of clusters was repeated. However, samples were taken only at 0 and 4 hr. After enzyme extraction, the in vitro temperature inactivation rates of malic enzyme and PEP carboxylase were determined at 45 C by the procedure previously described.
RESULTS AND DISCUSSION
The in vitro temperature responses of PEP carboxylase and malic enzyme activities are shown in Figure 1 . Below 30 C, Qlo To help understand the possible significance of the different enzyme temperature response curves, the malic enzyme response curve (representing malic acid degradation) was subtracted from the PEP carboxylase response curve (representing malic acid synthesis). The resulting curve indicates that the optimal tendency for malic acid accumulation (synthesis greater than degradation) is between 20 and 25 C, and that above 38 C there is a sharp tendency for loss of malate with increasing temperature. The relationship is similar to that reported by Brandon for Bryophyllum (1).
Although the relationship is between two extracted enzymic activities, and thus must be properly qualified, the findings correlate with the known effects of temperature on malic acid levels in grapes (6) (7) (8) 16 ). This suggests that the temperature responses of PEP carboxylase and of malic enzyme are involved in regulating malic acid levels in grape berries.
Differences between the activities of PEP carboxylase and malic enzyme at high temperatures ( Fig. 1) (Fig. 2 ). There were two important differences in the response of the enzymes to temperature. The malic enzyme activity was recovered sooner, and to a greater extent, than was the PEP carboxylase activity.
The greater loss and lesser recovery of PEP carboxylase (representing malate synthesis activity) over the 4-hr period at 40 C compared to the loss and recovery of malic enzyme (representing malate degradation activity), may explain, at least in part, the lower levels of malic acid observed in grapes at high temperatures (6) (7) (8) . Sun-exposed grape berries have been found to reach 46 C in the field (9) .
The possibiity that the recovery of activity noted in Figure 2 was attributable to synthesis of new heat-stable isozymes was tested by examining the in vitro heat stabilities of the two enzyme activities before and after the in vivo heat treatment. The differences between the temperature inactivation of enzymes extracted before and after heat treatment were very small. These results indicate that immature grape berries do not synthesize new heatstable isozymes of PEP carboxylase and malic enzyme in response to high temperature. The mechanisms by which the activities are recovered in grape berries are still unknown.
Temperature effects on malic acid accumulation or loss may be attributed to several factors. Langridge and McWilliam (11) pointed out that low temperatures increase CO2 solubilities, which would tend to suppress decarboxylations and favor CO2 fixation. Also, the production of malic acid is a very exothermic reaction, and thus would be more favored at lower temperatures in comparison to the degradation of malic acid. Substrate availability is also dependent on other related metabolic pathways and their own regulation. Probably these factors, as well as inherent temperature stability differences, affect the balance between synthesis and degradation.
